The author discusses the importance of flow properties of pigment dispersions for the pro duction and application of paints and printing inks. The viscoelasticity of these products can be investigated, using modern measuring instru ments. Creep tests at small deformation and dy namic oscillation determinations, as well as the propagation rate of shear waves provide invalu able information which is a useful addition to the well known, classic flow curve determination.
1 Rheology of pigment dispersions [6] - [12] Rheology is the science of flow and deformation be haviour [1]- [5] . Manufacturers of paints and printing inks are expecially interested in flow properties, which affect the pumping of liquid raw materials into storage tanks and production units as well as actual applica tion of the paint or printing ink and subsequent film formation. The flow of paints and printing inks can of ten be influenced, controlled and predicted by making certain simplifications. This applies, for example, to sagging, levelling and behaviour during application by spraying or brushing. Fig. 1 gives an overview of the mechanical stresses to which paints are subjected during these processes, expressed by the shear rate. Verlauf-sowie ihr Auftrag-10-2 1 0· 1 10 0 10 1 1 0 2 JQ 3 10 4 JQ 5 verhalten. Abb The optimum mill base viscosity depends on the kind of dispersing equipment used and on the state of dis persion of the mill base. There are, however, certain basic rules. When the pigment and liquid are first mixed, a stiff, crumbly mass is formed. As wetting pro ceeds, the paste remains stiff since most of the liquid is inside the pigment agglomerates. As dispersion con tinues, this liquid is set free, resulting in a drop in vis cosity. By incorporating suitable dispersing agents to deflocculate the dispersion, flow becomes practically Newtonian. As dispersion continues further, and more pigment particles are released, the viscosity can, how ever, increase again and a yield point can be formed.
If an unsuitable dispersing agent has been used, or not enough has been added, the mill base may flocculate and form a relatively high yield point so that there is no point in continuing milling. Even if the dispersing agent was suitable, and used in sufficient quantity, dis- 
persian will be inadequate if there is too much solvent, so that the mill base has too low a viscosity. Fig. 2 shows the grinding, shear and wetting efficiency of various dispersing units in relation to mill base viscos ity. It is obviously important to achieve and control the balance between pgiment, liquid and additives. Daniel has developed a simple method of achieving this. It is based on the visual determination of two paste con sistencies, namely the "wet point" (WP) and the "flow point" (FP). The former is the amount of liquid that is necessary to produce a stiff, coherent paste . The lat ter i s determined by the amount of liquid which has to be used additionally so that the paste will flow down a vertical spatula. It is a well-known fact that most highly concentrated dispersions exhibit not only plastic behaviour (i.e. vis cosity with yield point) but viscoelastic behaviour the latter being characterised by a viscosity 11 and a modulus G. This is why, in order to fully characterise dispersions rheologically, it is not only necessary to use flow curves (i.e. shear rate vs. shear stress and vice versa) but also viscoelasticity, determined at low deformation. A number of methods of determination are described below. Pigment dispersions in binder solutions or latex disper sions possess an equilibrium state at low shear stres ses which exhibits primarily elastic deformation and a high viscosity. This indicates that disperse systems behave rather like solid gels, although there is a dy namic equilibrium of structural breakdown and re-for mation under the applied shear stress.
At higher shear stresses on the other hand, there is structural breakdown such as is associated with the phenomenon known as thixotropy. Here, a more or less liquid state is achieved at relatively low viscosi ties. In this higher shear stress range the viscoelastic properties become distinctly time-dependent (thixot ropy).
Creep determinations indicate that dispersions under go two different kinds of deformation. One of these is immediate, purely elastic deformation which is based on the intact skeleton structure, and creep and recov ery behaviour of an elastic liquid, the latter evidently being accompanied by the break-up of particle-particle bridges (see Fig. 3 ).
• 
1 Creep determinations
In creep determinations [18, 19] , the dispersion is subjected to a low mechanical stress. The resultant relative deformation y and compliance J, which is the relative deformation with reference to shear stress, are recorded. The reciprocal of the compliance J is the modulus of elasticity mentioned earlier: G = 1/ J = 1/y. Creep determinations are carried out using a rheometer with a constant shear stress mode.
The typical creep curve for a viscoelastic system con sists of three parts, as shown in Fig. 3 . First, the curve rises steeply, giving the instantaneous compliance J 0 • This is followed by a slow, non-linear rise of J with time. This part corresponds to the break-up and re formation of linkages at different speeds. This is fol lowed by a linear portion whose inverse increase is proportional to the viscosity at the relevant shear stress. If one produces creep curves at decreasing stress, one obtains a limiting viscosity which is re ferred to as residual viscosity (see Fig. 3 and 4) .
Oscillation measurements
The oscillation determination is based on the mechani cal analysis of the torsional oscillation behaviour of a dispersion: a sinusoidal, low-amplitude oscillation is applied and the shear stress and relative shear defor mation are determined relatively to one another, as a function of time. If one applies a sinusoidal deformation to a viscoelastic mate rial, the induced mechani cal stress will vibrate with the same frequency, but G' = IG'I cos o; G" = IG'I sino; G· = G'+ i G" G' ist in Phase mit der Deformation und charakterisiert die pro Schwingungszyklus elastisch gespeicherte Energie (Speichermodul). G" ist um goo gegen d1e Deformation verschoben und charaktens1ert d1e pro Schwingungszyklus dissipierte Energie (Verlustmodul, vgl. Abb. 5). Die komplexe Viskositat berechnet s1ch wie folgt: G' = IG'I cos o; G" = IG'I sino; G· = G'+ i G" G' is in phase with the de formation and character ises the elastically stored energy per oscillation cy cle (storage modulus). G" is displaced by goo and characterises the energy dissipated per oscillation cycle (loss modulus, see (see Fig. 6 ).
For most dispersions a range of 10·4 to 10 2 Hz is de sirable for the frequency sweep. G* and G' usually in crease with frequency, whilst G" initially increases with frequency, passes a maximum and then drops to zero as the frequency increases further. At high frequen cies, only the storage modulus can be measured be cause the amount of energy dissipated per cycle over such short periods is too small.
Several instruments are on the market for measuring oscillations, e.g. the Rheometries Fluid Rheometer (Rheometries, USA), the Controlled Stress Rheometer (Carrimed, England) and the Bohlin Rheometer (Bohlin Rheologi, Sweden). The dispersions are usually placed between concentric cylinders or in a cone-plate Instru ment exactly as in equilibrium rheometry. One of the two li ' miting surfaces is made to vibrate. The relative movement of the other surface is then recorded w1th the help of a torsion element and a converter. Mit dieser Technik wird der Speichermodul G bei sehr hohen Frequenzen und kleiner Amplitude bestimmt (vgl. J = 1/G beim Kriechversuch). Die dazu geeigne ten Gerate werden als Pulse Shearometer bezeichnet (z.B. Rank Brothers UK oder Pen Kem USA) . In Abb. 7 ist eine Schemazeichnung eines derartigen Gerats wie dergegeben. In einem gasdichten Zylinder stehen sich zwei Scheiben parallel und mit einstellbarem Abstand gegenuber. Jede der Scheiben ist mit einem Kristall umformer verbunden. Ein Pulsgenerator leitet einen Kurzzeitimpuls auf einen der Kristalle, wodurch sich die entsprechende Scheibe ein wenig verdreht, typ ischerweise um nicht mehr als 1 0·4 rad, wobei 1 rad einem Winkel von 360°/2 rc entspricht. Mit dem gegen Liberliegenden Sensor wird nun die Zeit gemessen, welche der lmpuls benbtigt, um die Dispersion in der Abstandsstrecke zwischen den Scheiben zu durch laufen. Aus der Abhangigkeit der Laufzeit von diesem Abstand kann die O bertragungsgeschwindigkeit u der Schwerwelle berechnet werden. Aus ihr folgt der Schermodul fUr unendlich hohe Frequenzen G_ = u 2 · p; p ist dabei die Dichte der Suspension.
lm Zusammenhang mit den zahlreichen in der Rheolo gie benutzten Begriffen sind in der Tabelle 1 einige haufig gebrauchte Ausdrucke und Formeln, die sich um den Begriff Viskositat ranken, aufgelistet. Neben den Symbolen sind auch die gewbhnlich benutzten und die von der IUPAC empfohlenen Bezeichnungen ange geben. Ferner sind die Grenzwerte fUr verschwindende Konzentration der Feststoffphase aufgelistet.
In der Tabelle bedeutet c die Konzentration der disper sen Phase. Dabei ist der jeweils benutzten Einheit von c besondere Beachtung zu schenken. In theoretischen Arbeiten ist c meist ein dimensionsloser Volumen bruch, bei experimentellen Angaben dagegen wird c 
Shear wave determinations
Shear wave determinations are used to measure the storage modulus G at very high frequencies and small amplitudes (cf. J = 1/G in the creep test). The instru ments used are refferred to as pulse shearometers, e.g. those made by Rank Brothers in England and Pen Kem in the USA. Fig. 7 is a schematic drawing of such an instrument. In a gas tight cylinder, two discs are arranged parallel to each other, the distance between them being adjustable. Each of the discs is connected to a crystal converter. A pulse generator passes a brief impulse to one of the crystals, causing one of the discs to rotate slightly, usually no more than 10-4 rad, 1 rad corresponding to an angle of 360°/2 rc. The time needed for the impulse to pass through the dis persion in the space between the two discs is then determined, using the sensor opposite . From these data it is possible to calculate the transfer rate u of the shear wave. From this, the shear modulus for infi nitely high frequencies is given by the following equa tion:
where p is the density of the suspension. In the table, c is the concentration of the disperse phase. Special attention should be paid to the units in which c is expressed. In theoretical work, c is usually a dimensionless volume fraction. In experimental work, on the other hand, c is often expressed in different units, e.g. as g/dl = g/1 00 mi. IUPAC recommends the use of g/m l.
Summary
The flow characteristics of suspensions or dispersions are generally determined by the volume fraction of the disperse phase, the magnitude of the forces between the particles and the structure of the flocculates formed (see Fig. 8 ) . As the concentration increases, the suspensions become increasingly non-Newtonian, independent of the flow behaviour of the suspending liquid or solution. For example, spherical particles dis persed in a Newtonian liquid can exhibit destinctively non-Newtonian characteristics, due to the interaction between the particles. On the other hand, the pres ence of particles in a non-Newtonian polymer solution The Brookftald DV Ill stand-alone programmable rheometer
• Stand-alone capability (the computer's built in).
• Optional software allows control by PC .
• Stores up to 10 measurement programs.
• 2500 discrete speeds allow generation of flow curves .
• Te st, display, print and sto re data without operator attention.
• Available with Brookfield spindles, Coaxial Cylinder (DIN 53-01 9) and Cone/Plate geometries.
• Te mperatu re vs . Viscosity measurements .
• ;�::''' friendly" Concentrated suspensions, whether aqueous or non aqueous, always exhibit complec flow characteristics which are composed of viscous, plastic, elastic or viscoelastic behaviour. Above a critical volume con centration, certain dispersions exhibit shear thicken ing, which increases with shear rate and volume frac tion. Other systems show plastic or elast1c behav1our, depending on their structure. In the first named case, the suspension will flow only when the shear stress exceeds a certain value, known as the yield point (see Fig. 9 ). In the case of elastic behaviour, energy is re versibly stored in the system during deformation. Both phenomena may occur in the same system, dependmg on experimental conditions. :!ii! Rh 
